We compared observers' performance in the same complex motion discrimination task using stimuli defined by luminance or by contrast. They were asked to discriminate between a centred expansion pattern, constructed from four patches of outwards motion, and a distorted expansion pattern, constructed with one patch containing inwards motion and three patches containing outwards motion. We measured performance versus duration and found that for luminance-defined patterns, observers were able to discriminate correctly between these patterns in 75% of trials when the stimulus duration was 200 ms. For contrast-defined patterns, observers required over 2 s to reach this level of performance. Observers did not require such long durations to discriminate correctly between the contrast-defined expansion patterns when the patterns contained fewer patches or when the distorted patterns contained more patches of inwards motion. This suggests that observers performed the task by searching for a patch that contained a pattern moving inwards. There was no such effect on performance with the luminance-defined patterns. These results also suggest that contrast-defined patterns are processed too slowly to provide an input to specialised optic flow detectors that guide navigation in real time. Further, the differences in performance may be due to processing delays from sequential processing of the contrast-defined local motion signals.
Introduction
Optic flow is the pattern of local motion signals in the visual field created as an animal moves. These patterns combine many different directions of local motion. These local motion signals can be defined by luminance or other aspects of the visual scene, such as contrast or colour. There has been little empirical work to discover which types of local motion signals are used for optic flow perception. The experiments reported here, address this and show that human observers require long durations to discriminate contrast-defined optic flow, but they can discriminate luminance-defined optic flow patterns in much shorter durations. To determine heading and guide navigation in real time, optic flow must be processed quickly, so it seems that luminance signals are suitable inputs for optic flow detection and contrast signals are not.
Detectors for optic flow
Optic flow is the pattern of visual motion signals created as the viewer moves through an environment of static and moving objects. As the viewer moves forward, local motion signals on the retina radiate from a stationary point, the focus of expansion, corresponding to heading (Gibson, 1950) . Changes in the observer's heading introduce different distortions in the optic flow pattern and it is possible to judge heading accurately from optic flow fields (Warren, Morris & Kalish, 1988) .
Optic flow has several components (e.g. shear, rotation) but this study will concentrate on variations in expansion. Expansion patterns result from forward movement through the environment and psychophysical evidence indicates the presence of specialised detectors for these optic flow patterns. After-effects can indicate the fatiguing of a specific neural mechanism and Regan and Beverley (1978) have described motion after-effects from an expanding square stimulus. Further, Snowden and Milne (1997) found that adaptation to sections of an expansion pattern leads to motion after-effects in the expanding direction in both the same area that the stimulus was presented and in different parts of the visual field. This implies that the expansion pattern detectors cover a large area of the visual field. Consistent with this, humans integrate over a large portion of the visual field when presented with expansion patterns (Morrone, Burr & Vaina, 1995; Burr, Morrone & Vaina, 1998) . Further support for the existence of these mechanisms is shown by comparing observers' performance with expanding patterns and translating movement (left or right). Detection thresholds for expansion patterns are lower than those for patterns of translating movement (Freeman & Harris, 1992) . From this evidence, it seems that the visual system of humans is well suited to analysing expansion patterns.
Specialisation for expansion patterns has also been found in the macaque. Cells in the dorsal area of the macaque Medial Superior Temporal area (MSTd) have large receptive fields, and respond to expansion patterns . The cells response is dependent on the arrangement of motion directions and is not affected by removing speed gradients or size changes (Tanaka, Fukada & Saito, 1989 ).
Local motion detectors and optic flow
From the evidence summarised above it seems likely that specialised optic flow detectors in both monkeys and humans integrate specific patterns of local motion signals from a large area of the visual field. Local motion signals can come from changes in luminance, termed first order signals, or from changes in other aspects of the visual scene (such as contrast, texture, orientation or flicker) termed second order signals. Models of motion detection based on linear spatio-temporal filters can account for observers' ability to discriminate local motion signals defined by luminance (e.g. Adelson & Bergen, 1985; Watson & Ahumada, 1985) . However, these models must be modified to account for observer's ability to discriminate the direction of motion defined by contrast or other second order signals (Chubb & Sperling, 1988) .
Although human psychophysics has indicated that first and second order motion are likely to be processed separately (e.g. Derrington & Badcock, 1985) , it is not clear whether both first and second order signals are passed to the human optic flow detectors. Almost all of the studies using optic flow stimuli have used luminance-defined motion signals. If luminance-defined (first order) and contrast-defined (second order) motion signals are processed early in the visual system, by similar low level mechanisms, it is likely that both signals would be passed to the higher level global optic flow detectors. If the contrast-defined motion signals are not passed to the optic flow detectors, this could indicate that contrast-defined local motion signals are part of a completely separate stream of information. Alternatively, contrast-defined motion may be identified and processed at higher levels than the input to optic flow detectors.
There have been few studies of human perception of second order optic flow and the results have been conflicting. Observers' reports of vection (visually induced sense of self-motion) depends on both first and second order signals (Gurnsey, Fleet & Potechin, 1998) which seems consistent with the presence of detectors for second order optic flow. However, the contrast required to discriminate simplified second order optic flow (similar to the patterns used in this study) is much more than the contrast required to identify its presence, which may not support the existence of specific second order optic flow detectors (Bex, Simmons & Mareschal, 1998) . This result may simply reflect the presence of second order optic flow detectors with more complex response properties (e.g. Smith & Ledgeway, 1997) .
If both first and second order motion signals provide input to optic flow detectors we would expect similar patterns of performance with both luminance-and contrast-defined expansion patterns. Observers were asked to discriminate between a centred expansion pattern and a distorted expansion pattern. We find that our observers needed longer to discriminate between different contrast-defined expansion patterns than to discriminate luminance-defined patterns.
Method
These experiments tested the ability of observers to discriminate between centred and distorted expansion patterns presented for different stimulus durations. Performance with patterns constructed from luminancedefined local motion signals (moving gratings) was compared to performance with patterns constructed from contrast-defined local motion signals (moving beats).
Obser6ers
There were four observers, all were experienced in psychophysical tasks, two were unaware of the purpose of the experiments. Before beginning the experiment observers were familiarised with the stimuli and tasks. Observers viewed the display without restraint and wearing prescription glasses if necessary.
Display
All stimuli were presented in a 235× 290 mm 2 display window on a Mitsubishi Diamond Pro 17TX display. The display was viewed in a dimly lit room and had an average luminance of 44 cd/m 2 . Patterns were generated using a RGB framestore that was part of a purpose built display controller, the Cambridge Research Systems VSG 2/1. The three DAC outputs of the framestore were summed with different gains to give a more precise control of contrast (Pelli & Zhang, 1991) . Stimuli were created using gamma-corrected lookup tables of sinusiodal modulations of luminance, to prevent non-linearities in the display affecting the stimulus.
Stimuli
Stimuli were simplified expansion patterns, designed to compare performance with luminance-and contrastdefined stimuli. Sensitivity to contrast-defined motion is limited in spatial and temporal frequency compared to luminance-defined stimuli (e.g. Derrington & Badcock, 1985) . Our stimuli are therefore restricted to this narrow range. However, the response of cells selective for expansion patterns in area MST of the macaque is only slightly affected by the removal of speed gradients and size changes from the stimulus 2.3.1. Experiment 1: 6arying the distortion Centred and distorted expansion patterns were constructed from four component patches that contained patterns moving towards or away from the centre of the display. Examples of the stimuli are shown in Fig. 1a and b.
The component patches were positioned with their centres 3.7°from the centre of the display and were 5°w ide (at a viewing distance of 0.88 m). The pattern presented within the component patches was different for luminance-defined and contrast-defined stimuli, which were presented in separate sessions.
2.3.1.1. Luminance-and contrast-defined patterns. Luminance-defined patches were sinusoidal modulations of luminance (luminance gratings), see Fig. 1a :
C is the contrast (10%), f is the spatial frequency (1 c/deg), q is the phase (randomised) and g is the temporal frequency (0.5 Hz).
Contrast-defined patches were moving beats, see Fig.  1b , constructed by adding two high frequency sinusoidal luminance gratings, ( f 1 =1.7 c/deg, f 2 =2.7 c/ deg) both at 10% contrast, moving in opposite directions. The two components were generated on separate lines of the display so that any residual errors in gamma correction could not generate distortion products at the difference frequency. The beat pattern can be described as the product of a static, high frequency, carrier grating and a low frequency contrastmodulated sinusiodal envelope:
Where the spatial frequency of the envelope f e equals ( f 1 − f 2 )/2 (0.5 c/deg) and the temporal frequency g e equals (g 1 − g 2 )/2. The spatial frequency of the carrier follows a similar rule: f c = ( f 1 + f 2 )/2 (2.2 c/deg). The beat pattern (1 c/deg) is twice the spatial frequency of the envelope; the temporal frequency is 0.5 Hz. There are approximately equal luminance motion signals in both directions, so the pattern is drift balanced (Chubb & Sperling, 1988) but there is a directional, contrastdefined motion signal.
Both the gratings and beats were orientated so their motion was towards or away from, the centre of the display. Patterns were presented within a rectangular temporal envelope.
Centred and distorted patterns.
A centred expansion pattern consisted of four component patches each containing patterns that moved away from the centre of the screen. The distorted pattern was designed to manipulate the number of useful patches of local motion.
In the distorted expansion pattern, the distortion was controlled by varying the number of patches containing motion towards the centre of the screen, either one, two or four. The remaining patches contained motion away from the centre of the screen. When one patch contained inwards motion it could be in any of the four component positions and the position was varied randomly from trial to trial ('one patch' distortion). When two patches contained inwards motion, they could be either in the top and bottom, or the left and right positions ('two patch' distortion).
Experiment 2: 6arying the number of 6isible patches
As in Experiment 1, stimuli were constructed from four component patches. The viewing distance was changed to 1.77 m, the component patches were 1.8°f rom the centre of the screen, see Fig. 1c and d.
2.3.2.1. Luminance-and contrast-defined patterns. Luminance-defined patches contained a 1 c/deg grating at five times contrast detection threshold, see Fig. 1c . Detection thresholds were measured separately for each of the four possible positions of the patch. This was done using a temporal 2IFC procedure. One interval (of 300 ms) contained a luminance-defined grating moving (at 0.5 Hz) with equal probability in either direction, and the other interval contained a screen of mean luminance. Observers indicated which interval contained the moving stimulus. 75% correct thresholds were found from a Weibull function fitted to the data. Separate detection thresholds were found for each position of the patch. The highest of these was multiplied by five to establish a viewing contrast that was well above threshold in all parts of the pattern.
Contrast-defined patches contained a 1.1 c/deg beat, with a carrier of 9.7 c/deg, constructed from components of 9.1 and 10.2 c/deg, presented at five times the contrast threshold for discriminating the beat from a spatially uniform grating. The procedure for measuring contrast thresholds was similar to the procedure described above for the luminance-defined gratings. The only difference being that one interval of the task contained a beat moving (at 0.5 Hz) in either direction and the other interval contained a patch of carrier flickering (at 0.5 Hz) in the same position.
Centred and distorted patterns.
This experiment used only the 'one patch distortion' pattern but varied the number of patches visible on the screen, either one, two or four. In the first condition four patches of this pattern were shown, in the other conditions, two or one patches were visible. These patches were in the same position on the screen as the component patches of the full expansion pattern and the same position in both intervals. Inwards motion was only present in one condition. In the condition with two patches visible, the two patches were presented in either the top and bottom, or left and right positions. In the condition with one patch visible, the patch could be positioned in any of the four component positions. A fixation marker was shown in the centre of the screen.
Procedure
Observers were asked to discriminate which interval of a two interval forced-choice trial contained a centred expansion pattern. Data were collected relating performance to stimulus duration.
The observer initiated each trial by a pressing a mouse button. A centred expansion pattern was presented in one interval of each trial, chosen at random with a probability of 0.5. The other interval contained a distorted expansion pattern. Each different distorted expansion pattern was presented in a separate experimental run and observers knew which type of pattern they were seeing. The intervals were marked by a tone. Subjects indicated with the mouse, which interval of the trial contained the centred expansion pattern after both intervals had been presented. Feedback was given with a tone after each response.
Trials were presented in blocks of three or four. In each block, trials with several stimulus presentation durations were interleaved. The order of presentation of trials within a block was randomised by computer. Psychometric functions were completed from 40 to 80 repetitions of the blocks.
Plots of the probability of a correct response against stimulus duration were fitted with an offset cumulative Gaussian function by a constrained maximum-likelihood fit. This was used to estimate a 75% correct performance threshold. This does not reflect a conclusion about the underlying distribution of the responses. The cumulative Gaussian distribution gave the best fit to the data over the whole set of experiments and thus was selected as a convenient means to compare the results in each condition. To estimate variability in the performance threshold, 10 000 replications of the data were produced. An estimate of threshold was made from each of these and the distribution used to generate 95% confidence intervals for the threshold estimate. These bootstrap confidence intervals reflect the variability due to sampling and fitting methods (Wichmann & Hill, 1999) . The confidence intervals are shown when they are large enough to be visible.
Results
If the visual system contains optic flow detectors that process both luminance-defined and contrast-defined stimuli we would expect that performance on a discrimination task would be similar with both types of stimuli. Experiment 1 compares performance discriminating centred and three different distorted expansion patterns. Experiment 2 generalises the finding to another stimulus configuration and varies the number of visible patches.
Experiment 1: 6arying the distortion
This experiment measured observers' ability to discriminate centred expansion patterns from distorted expansion patterns in which one, two or four patches contained inwards movement and the other patches contained outwards motion. Fig. 2 shows observers' performance for the condition where they were asked to discriminate between centred and one patch inwards distorted expansion patterns. Percentage of correct responses are plotted for each stimulus duration, for luminance-and contrast-defined patterns, for three observers separately, together with the fitted curve. The fit of the cumulative Gaussian was poorer for the data from the contrast-defined expansion patterns (very poor for one observer). We retained the cumulative Gaussian because the focus of this study is to compare performance between luminance-and contrast-defined patterns.
The data for all observers follow the same pattern. Performance improves with duration for all types of pattern. In general, observers required much longer stimulus durations to discriminate between contrastdefined patterns than they needed to discriminate between luminance-defined expansion patterns. For luminance-defined patterns, observers required the stimulus interval to be around 100 ms to discriminate which interval contained the centred expansion pattern on 75% of trials. For contrast-defined patterns, the stimulus duration needs to be 2 s for observers to reach 75% correct.
Observers reported that they often felt that they were checking each patch in turn when presented with the contrast-defined patterns whereas the differences between the luminance-defined patterns were immediately obvious. Our stimulus allowed us to vary the configuration of the distorted expansion pattern, this also varied the minimum number of patches where motion had to be encoded to perform the task. For example, in the condition described above, the distorted expansion pattern consists of one patch containing inwards motion and three containing outwards motion. The inwards motion can be any of the four patches, so the observer must encode information from all four patches to deter- Fig. 2 . Plots of performance as a function of stimulus duration when observers are required to discriminate between a centred expansion pattern and a distorted expansion pattern that consisted of one patch of inwards motion and three patches of outwards motion. The percentage of trials on which the observer was correct at each stimulus duration is shown. The resulting plot is fitted with an offset cumulative Gaussian function. This was used to estimate 95% confidence intervals for 75% correct performance thresholds and these are shown by ( -). Solid symbols and lines show performance for luminance-defined patterns. Open symbols show performance for contrast-defined patterns. All observers required much longer stimulus presentation durations to discriminate between centred and distorted contrast-defined expansion patterns than they required to perform the same task with luminance-defined expansion patterns. Each data point is based on at least 40 observation mine that it is the distorted pattern. Distorted patterns with two or four component patches containing inwards motion (see Section 2 for details) increase the possibility of seeing the inwards motion.
In Fig. 3 , the duration required to discriminate the centred and distorted expansion patterns on 75% of trials is plotted against the number of patches containing inwards motion in the distorted pattern.
Varying the number of patches containing inwards motion had different effects on performance with luminance-defined and contrast-defined patterns. Performance thresholds for discriminating between centred and distorted luminance-defined expansion patterns do not change systematically as the distorted pattern changes. Results from two observers show no effect of varying the distorted pattern and one observer shows a slight decrease in threshold as the number of patches of inwards motion increases.
Performance with contrast-defined patterns shows a different trend. The duration that observers required to discriminate centred and distorted contrast-defined expansion patterns decreases dramatically as the distorted pattern contains more patches of inwards motion. This is shown in Fig. 3 by the steep slope of the lines connecting the performance thresholds for contrastdefined expansion patterns. When all four component patches of the contrast-defined stimulus contain patterns moving inwards, two observers can perform the task at stimulus durations as short as those needed for discriminating the luminance-defined patterns.
The difference in performance suggests that different classes of mechanism may process luminance-and contrast-defined patterns. However the results might also reflect that the two types of pattern differ in ways that are incidental to the aims of this study. First, contrastdefined patterns contained only high spatial frequency components, which require longer to be processed (Breitmeyer, 1975) , whereas the luminance-defined patterns contain only low spatial frequency components. Second, the movement in contrast-defined patterns is in the presence of a high spatial frequency static carrier, which is not present in the luminance-defined patterns. We tested each of these possibilities in turn.
We tested whether discrimination of contrast-defined expansion patterns requires longer durations because they contain only high spatial frequencies. Performance was measured for two of the observers discriminating centred and 'one patch distortion' patterns constructed from a high spatial frequency luminance-defined grating, equivalent to the carrier in the beat pattern (2.2 c/deg). As with the original luminance-defined patterns, both observers were able to discriminate which interval of the trial contained the centred expansion pattern on 75% of trials when the stimulus duration was around 100 ms. It is unlikely, therefore, that the slow performance with contrast-defined expansion patterns is due to the differences in spatial frequency between contrastdefined and luminance-defined patterns.
The second incidental difference between the luminance-defined and contrast-defined expansion patterns is the presence of a static carrier in the contrast-defined pattern. To test if this affected our results, two observers were asked to discriminate between centred and 'one patch inwards' distorted expansion patterns constructed from moving low spatial frequency luminance gratings and static high spatial frequency gratings (with spatial frequency the same as the carrier in the beat patterns). Both observers reached the 75% correct response performance threshold in under 300 ms. This is similar to Fig. 4 . Stimulus duration required by observers to discriminate correctly between patterns formed from one, two or four patches containing moving patterns. When four patches were shown, observers discriminated between a centred expansion pattern (four patches of motion outwards) and a distorted expansion pattern with three patches of motion outwards and one patch of motion inwards. In other conditions, one or two patches were visible. When less than four patches were shown, their positions were randomised from trial to trial. Data were fitted with cumulative Gaussian functions and these were used to estimate the 75% performance thresholds shown with 95% confidence intervals. Observers' performance thresholds from trials with contrast-defined patterns are denoted by open symbols. Performance thresholds from trials with luminance-defined patterns are denoted by solid symbols. Data from HA is shown by and , performance of LSD is shown with and . The presentation duration required by observers to discriminate between the luminance-defined patterns did not vary between observers or the number of patches shown. The presentation durations required by observers to discriminate between the contrast-defined patterns decreased as the number of visible patches decreased. Both observers were able to discriminate one patch contrast-defined patterns in shorter durations than the four or two patch versions. Each data point is based on at least 40 observations. Fig. 3 . Stimulus presentation duration required by observers to discriminate correctly, on 75% of trials, between centred and distorted expansion patterns, when the distorted pattern could consist of varying numbers of patches of inwards motion. The duration required to discriminate between the patterns is plotted against the number of component patches in the distorted pattern that contain movement towards the centre of the screen (the remaining patches contained outwards motion). 95% confidence intervals are also shown, derived from 10 000 bootstrap replications of the fitted cumulative Gaussian distribution. Performance from luminance-defined expansion patterns is denoted by solid symbols and performance from the contrast-defined expansion patterns is denoted by open symbols. Three observers are shown, HA is shown by , ; AMD is shown by ", 2; ERG is shown by , . The presentation duration required by all observers to discriminate between the luminance-defined expansion patterns does not vary with the different distorted patterns. With contrast-defined patterns, however, increasing the number of patches of inwards motion in the distorted expansion pattern decreases the stimulus duration required to discriminate between the two patterns. the duration required to distinguish the original luminance-defined expansion pattern. It is unlikely that the difference between the luminance-defined and contrastdefined patterns is due to the presence of a static carrier in the contrast-defined patterns.
Experiment 2: 6arying the number of 6isible patches
Observers require shorter durations to discriminate between centred and distorted expansion patterns defined by luminance than they require for patterns defined by contrast. The duration required to discriminate between contrast-defined expansion patterns appears to depend on the number of patches of inwards motion in the distorted pattern.
There are a number of known differences between detectors for luminance-and contrast-defined local mo-tion. Firstly, the discrimination of contrast-defined patterns may be limited by different low level detection mechanisms. So, the contrast defined expansion patterns may simply be less visible. In this experiment, both types of pattern are presented at contrasts that are the same distance above measured detection thresholds (see Section 2).
Secondly, local motion detectors that process contrast-defined patterns may act differently in the periphery and fovea. Luminance-defined motion detectors may act over the whole visual field, whereas detectors suited to processing contrast-defined motion may act only in the central visual field. Evidence is conflicting (e.g. Smith, Hess & Baker, 1994; Zanker, 1997) but to avoid, or minimise these effects, stimuli in this experiment were closer to the fovea. Viewing distance was increased to bring the whole expansion pattern to the central 6°of the visual field.
This experiment also addressed two other issues arising from the previous experiments. It was possible, previously, for observers to employ specific strategies to perform correctly. For instance, when the distorted expansion pattern consisted of four patches containing movement inwards, observers could attend to only one screen location and still discriminate between the two patterns. To control for this, the number of patches displayed was manipulated. The positions of the patches were varied randomly. So, when one patch was displayed, although observers only needed information from one patch to discriminate the patterns, they had to attend to all four possible positions. Observers still needed to encode information from the same number of patches (one, two or four) as previously but they could not predict where the information would be presented. Observers had previously reported that it was difficult not to move their eyes when discriminating between the different contrast-defined patterns. In this experiment, a fixation marker was provided to aid fixation. Fig. 4 shows the duration required for each observer to discriminate correctly between the centred and distorted patterns on 75% of trials for each number of patches visible. The four patch condition refers to the discrimination of a centred, four patch, expansion pattern from a distorted, four patch, expansion pattern in which one of the four patches contains inwards movement. The two, and one patch condition refer to when two or one patches of this pattern were visible (see Section 2).
Both observers show the same trends, if not the same absolute values. For the luminance-defined expansion patterns, the duration required to discriminate the direction of motion does not vary systematically with the number of patches. The 75% correct performance threshold is similar whether observers discriminate direction of motion in one, two or four patches of motion.
With contrast-defined patterns, observers require longer stimulus durations to discriminate direction when there are more patches of motion. When four patches of the contrast-defined expansion pattern are visible, observers required between 2 and 6 s to discriminate between the two patterns. Observers did not require such long durations to reach the same performance when only one patch of contrast-defined motion was visible.
One of the aims of this experiment was to investigate whether the previous results were due to differences in the local motion detectors for luminance-and contrastdefined local motion. Comparing Figs. 3 and 4 shows that the values and more importantly, the trends, in the two experiments are similar. This confirms that the difference found between contrast-defined and luminance-defined patterns is consistent when subjective contrasts are equal and patterns are less eccentric.
Comparison of Figs. 3 and 4 should also reveal the effect of being able to predict the position of the useful information in the expansion patterns. This could indicate whether the duration required to discriminate between centred and distorted contrast-defined expansion patterns is due to sequential processing of each location in the visual field. However, there are considerable performance differences between the two observers in Fig. 4 , which makes comparison difficult. Only one observer (HA) contributes to both graphs. This observer requires shorter durations to reach threshold when the positions of the patches of contrast-defined motion are unpredictable. This is contrary to our expectations and may reflect the improved visibility of the patches in Experiment 2 as well as the unpredictability of the information. The other observer in Fig. 4 shows very high thresholds, which could indicate a delay due to the unpredictability of the task or the inexperience of the observer.
Discussion
The experiments show that observers require long stimulus durations to discriminate between centred and distorted contrast-defined expansion patterns. These stimulus durations are considerably longer than those required by observers to discriminate luminance-defined expansion patterns. The duration required by observers to discriminate between the different contrast-defined expansion patterns depends on the configuration of the distorted pattern. This tends not to be the case for luminance-defined patterns.
As discussed below, these results do not support the existence of detectors for contrast-defined optic flow. These results may indicate that a qualitatively different kind of mechanism processes contrast-defined motion.
Contrast-defined motion and optic flow
Our main aim is to investigate whether luminancedefined and contrast-defined local motion signals both contribute to optic flow detection. If the information from optic flow is to be a useful aid to navigation, processing must be rapid. Discrimination between contrast-defined expansion patterns in this experiment often takes several seconds. Processing durations of this magnitude would prevent contrast-defined local motion from providing a useful input for optic flow detectors that guide navigation in real time.
Further, it seems unlikely from our results that there are simple, low level detectors for contrast-defined optic flow. Bex et al. (1998) reported that direction discrimination thresholds are higher than detection thresholds for second order expansion patterns. This indicates that detection and discrimination could be performed separately, also inconsistent with a relatively simple low level process.
Second order motion signals may be available to optic flow detectors, but via a slower, more complex pathway, possibly involving higher level processes. Gurnsey et al. (1998) reported that subjects reported a feeling of self motion (vection) when second order expansion patterns were presented for 30 s. It is not surprising that some second order optic flow could be identified since the durations used by Gurnsey et al. are well above the durations required by our observers to discriminate the contrast-defined expansion patterns. It is possible therefore, that there is some input of second order motion to the mechanism that generates vection.
The lack of a direct pathway from second order motion detection to optic flow detectors may be due to a general difference in the way first and second order motion is integrated over the visual field.
Processing patterns of contrast-defined motion
In our experiments, the number of directions (or patches) of motion that observers needed to encode to perform the task, determined the presentation duration required to discriminate between centred and distorted contrast-defined expansion patterns. Similar findings have been made by Dosher, Landy and Sperling (1989) , who found that observers cannot discriminate which of nine patches of an alternating polarity dot display contains dots moving in an inconsistent direction. The alternating polarity dot display contains only second order directional information whereas the task is easily possible with first order displays. Further Ashida and Osaka (1998) and Seiffert and Cavanagh (1999) found that visual search times for targets in second order motion displays are influenced by the number of elements present in the display. When observers needed to check more second order display elements to perform the task, they took longer. The number of first order display elements had no effect on the time needed to perform the task. These studies suggest that when second order motion appears over the visual field, each area or patch of motion is analysed separately and sequentially, leading to longer processing times.
It seems likely that when presented with complex patterns of second order motion (including contrastdefined motion) the visual system analyses each area of motion direction sequentially. Our results may be one example of a more general processing limitation for contrast-defined motion. The integration of second order motion signals across the visual field is likely to be a slower and higher level process than the same process for first order motion. This process seems not to be performed before input to the optic flow detecting cells of MST and therefore could be performed, for instance, after the identification of spatial features (e.g. Seiffert & Cavanagh, 1998; Derrington & Ukkonen, 1999) .
Summary and conclusions
Observers can discriminate between luminancedefined expansion patterns when the patterns are presented for 100 ms.
Contrast-defined expansion patterns have to be presented for long durations (several seconds) to be discriminated. Performance depends on the number of patches of motion that must be encoded.
Contrast-defined motion is unlikely to provide a usable input to optic flow detectors.
In patterns containing multiple areas of contrastdefined, or second order, local motion each local motion signal may be processed sequentially.
